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1. 

POWER TRANSMISSION SYSTEM FOR 
FOUR-WHEEL DRIVE VEHICLE 

CROSS-REFERENCE TO A RELATED 
APPLICATION 

This nonprovisional application claims priority under 35 
U.S.C. S 119(a) on Patent Application No. 2003-406021 
filed in Japan on Dec. 4, 2003, the entire contents of which 
are hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a power transmission system for 

four-wheel drive vehicle, specifically to a power transmis 
sion system which adjusts the distribution of power to the 
front and rear wheels of a vehicle according to the driving 
state of the vehicle. 

2. Description of the Related Art 
In recent years, electronic controlled on-demand four 

wheel drive vehicles are in practical use widely. The related 
art is disclosed in Japanese Unexamined Patent Publication 
No. 2002-127772 (US2002/0055416A1), for example. 
The four-wheel drive vehicle disclosed in this patent 

publication is based on a front-engine/front-drive vehicle, 
and arranged to Supply power from an engine to the front 
wheels via an automatic transmission and Supply part of the 
power from the engine to the rear wheels via a transfer 
clutch. 
The amount of power transmitted to the rear wheels is 

adjusted by controlling the engaging force of the transfer 
clutch. By this, the distribution of power between the front 
wheels and the rear wheels is changed to achieve behaviors 
of the vehicle suitable for its driving state, such as ease of 
turning at an early stage of steering, restriction of slip in 
rapid acceleration, and Stability in deceleration. 

However, since the power transmission system disclosed 
in the above patent publication can adjust only the distri 
bution of power between the front wheels and the rear 
wheels, there is a limit in controlling the turning character 
istics of the vehicle, specifically in controlling the understeer 
and oversteer of the vehicle. Hence, for this control, a 
braking force control device, a traction control device, etc. 
need to be used together, which leads to complicated overall 
system structure and control, and hence problems such as 
increase in vehicle weight and significant increase in pro 
duction cost. 

SUMMARY OF THE INVENTION 

This invention has been made in view of the above 
problems. An object of the invention is to provide a power 
transmission system for four-wheel drive vehicle which can 
control the turning characteristics of the vehicle appropri 
ately, avoiding increase in vehicle weight and significant 
increase in production cost. 

In order to achieve the above object, a power transmission 
system for four-wheel drive vehicle according to the present 
invention comprises a power transmission mechanism pro 
vided in a vehicle arranged such that power is always 
transmitted to one of two pairs of wheels consisting of a pair 
of front wheels and a pair of rear wheels, to transmit power 
to the other pair of wheels; a power transmission control 
means for controlling the power transmission mechanism to 
adjust the power transmitted to said other pair of wheels; and 
a differential gear unit arranged between left and right 
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2 
wheels in said other pair, to distribute the power transmitted 
from the power transmission mechanism to said other pair, 
between the left and right wheels in said other pair, wherein: 

the differential gear unit is a torque-sensitive differential 
gear unit with a differential limiting function for producing 
a differential limiting force between the left and right wheels 
in said other pair, depending on power transmitted thereto, 
and the power transmission control means controls the 
power transmitted from the power transmission mechanism 
to the differential gear unit according to a driving state of the 
vehicle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will become more fully understood 
from the detailed description given herein below and the 
accompanying drawings which are given by way of illus 
tration only, and thus, are not limitative of the present 
invention, and wherein: 

FIG. 1 is a diagram showing the overall structure of a 
power transmission system for four-wheel drive vehicle 
according to a first embodiment of the invention; 

FIG. 2 is a block diagram showing a procedure for 
calculating a rear-wheel output torque in the power trans 
mission system of FIG. 1; 

FIG. 3 is an illustration showing how driving forces are 
exerted via the left and right rear wheels when a four-wheel 
drive vehicle having the power transmission system of FIG. 
1 is turning; 

FIG. 4 is a block diagram showing the details of an output 
torque setting section of the power transmission system of 
FIG. 1; and 

FIG. 5 is a diagram showing the overall structure of a 
power transmission system for four-wheel drive vehicle 
according to a second embodiment of the invention. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

A first embodiment in which the present invention is 
embodied as a power transmission system for an electronic 
controlled on-demand four-wheel drive vehicle based on a 
front-engine/front-drive vehicle will be described below. 

FIG. 1 is a diagram showing the overall structure of a 
power transmission system for four-wheel drive vehicle 
according to the first embodiment. An automatic transmis 
sion 2 is connected to a transverse-mounted engine 1 (power 
Source). A ring gear 3a of a front differential gear unit 3 
(hereinafter referred to as front differential) engages with an 
output gear 2a of the automatic transmission 2. Left and 
right side gears 3b of the front differential 3 are connected 
with the left and right front wheels 5a, each by a drive shaft 
4, so that power from the engine 1 is transmitted to the front 
wheels 5a via the front differential 3. A ring gear 6a of a 
power-take-off unit 6 (hereinafter referred to as PTU) is 
connected with a differential case 3C for the front differential 
3, and a pinion gear 7a at the front end of a front propeller 
shaft 71 engages with the ring gear 6a. The automatic 
transmission 2, the front differential 3 and the PTU 6 are 
arranged in a common casing. 
An electronic controlled coupling 8 (power transmission 

mechanism) is provided between a rear part of the front 
propeller shaft 71 and a rear part of a rear propeller shaft 72. 
A pinion gear 7b at the rear end of the propeller shaft 72 
engages with a ring gear 9a of a rear differential gear unit 9 
(hereinafter referred to as rear differential). Left and right 
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side gears 9b of the rear differential 9 are connected with the 
left and right rear wheels 5b, each by a drive shaft 10. 
The electronic controlled coupling 8 can control power 

transmitted to the rear differential 9 by controlling power 
transmitted from the front propeller shaft 71 to the rear 
propeller shaft 72 by adjusting the engaging force of an 
electromagnetic clutch 8a provided therein. By this opera 
tion of the electronic controlled coupling 8, the ratio of the 
power from the engine 1 supplied to the front wheels 5a to 
that supplied to the rear wheels 5b can be adjusted to any 
value between 100:0 and 50:50, for example. 
As the rear differential 9, a torque-sensitive limited slip 

differential (hereinafter referred to as LSD) is provided. The 
LSD 9 includes a torque-sensitive differential limiting 
mechanism 9c for producing a differential limiting force 
depending on a torque Supplied via the rear propeller shaft 
72 and thereby limiting differential motion between the left 
and right wheels. For the torque-sensitive differential lim 
iting mechanism 9c, a known structure Such as a helical gear 
type structure or a cam type structure is used. 

In the interior of the vehicle, an ECU for four-wheel drive 
11 (power transmission control means) is provided, in addi 
tion to an engine control ECU, a shift control ECU, an ABS 
control ECU, etc. Like the other ECUs, the ECU for 
four-wheel drive 11 comprises an input/output unit, memory 
(ROM, RAM, etc.) for storing control programs, control 
maps, etc., a central processing unit (CPU), a timer counter, 
etc. 

To the inputside of the ECU for four-wheel drive 11, there 
are connected various sensors such as a longitudinal accel 
eration sensor 12 for detecting the longitudinal acceleration 
Gx of the vehicle, a lateral acceleration sensor 13 for 
detecting the lateral acceleration Gy of the vehicle, a yaw 
rate sensor 14 (turning State detecting means) for detecting 
the yaw rate Yr (actual yaw rate) of the vehicle, wheel speed 
sensors 15a to 15d for detecting the wheel speeds Vfl Vfr. 
Vrl, Vrr of the individual wheels of the vehicle, a steering 
angle sensor 16 for detecting the steering angle St, a brake 
sensor 17 for detecting brake operation information Bk and 
a parking brake sensor 18 for detecting parking brake 
operation information Pbk. Also the engine control ECU 19 
and the ABS control ECU 20 are connected to the input side 
of the ECU for four-wheel drive 11. To the outputside of the 
ECU for four-wheel drive 11, various devices including the 
above-mentioned electromagnetic clutch 8a of the electronic 
controlled coupling 8 are connected. 
The ECU for four-wheel drive 11 controls the engaging 

force of the electromagnetic clutch 8a of the electronic 
controlled coupling 8 based on detection information from 
the above-mentioned various sensors. This control is per 
formed not only for purposes general for the electronic 
controlled on-demand four-wheel drive vehicle, such as 
appropriate power distribution between the front wheels 5a 
and the rear wheels 5b to achieve ease of turning at an early 
stage of steering, restriction of slip in rapid acceleration, and 
stability in deceleration. In the present embodiment, this 
control is performed also for controlling the input torque 
supplied to the rear differential 9 to adjust the differential 
limiting force of the rear differential 9 to thereby relieve 
oversteer and understeer in the vehicle's turning. The latter 
control is required while the vehicle is turning. Hence, when 
it is determined that the vehicle is turning, for example based 
on the steering angle St, the yaw rate Yr, etc., the former 
control switches to the latter control. In the other situations, 
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the former control will be omitted since it is similar to that 
disclosed in Japanese Unexamined Patent Publication No. 

4 
2002-127772 (US2002/0055416A1) mentioned above as 
prior art, for example. The latter control will be described in 
detail below. 
An input torque to be supplied to the rear differential 9 is 

calculated as a rear-wheel output torque Tout according to 
the procedure shown in the block diagram of FIG. 2. For this 
calculation, vehicle constants, which are specific to indi 
vidual vehicles, are used in addition to detection information 
from the above-mentioned various sensors. As the vehicle 
constants, the maximum torque Tmax (maximum amount 
for power transmitted) that the electronic controlled cou 
pling 8 can transmit to the rear differential 9, an LSD 
characteristic LSd (for example, a differential-limiting-force 
against input-torque characteristic), vehicle factors Sv (for 
example, the vehicle weight W, the wheel base L, etc.) are 
fed in advance. 
The longitudinal acceleration Gx detected by the longi 

tudinal acceleration sensor 12 and the wheel speeds Vfl. Vfr. 
Vrl, Vrr of the individual wheels detected by the wheel speed 
sensors 15a to 15d are fed to a body speed calculating 
section 31. The body speed calculating section 31 calculates 
the body speed Vb based on the information fed. In the 
calculation of the body speed Vb, for example a procedure 
disclosed in Japanese Patent No. 3063628 is employed. In 
this procedure of which details will not be given here, the 
body speed Vb is calculated based on the wheel speed of the 
third fastest wheel of the four, which is, for example, the 
wheel speed of the rear inner wheel when the vehicle is 
turning. When any of the wheels is slipping, the body speed 
Vb is calculated based on the longitudinal acceleration Gx. 
The body speed Vb calculated by the body speed calcu 

lating section 31 and the steering angle St detected by the 
steering angle sensor 16 are fed to a reference yaw rate 
calculating section 32. The reference yaw rate calculating 
section 32 calculates a reference yaw rate Yrs (target yaw 
rate) based on the information fed, according to expression 
(1): 

Yrs=Stx Vb/(1+Ax Vb)/L (1) 

where A is the stability factor of the vehicle, and L the wheel 
base. The reference yaw rate Yrs obtained means an ideal 
yaw rate in the vehicle turning with the current body speed 
Vb and steering angle St. 
The reference yaw rate Yrs calculated by the reference 

yaw rate calculating section 32 and the actual yaw rate Yr 
detected by the yaw rate sensor 14 are fed to a target torque 
setting section 33. The target torque setting section 33 
calculates a target torque Ttgt (target amount for power 
transmitted) to be supplied to the rear differential 9, based on 
the information fed. The target torque Ttgt is calculated as 
an input torque required to be supplied to the rear differential 
9 in order to change the yawing moment acting on the 
vehicle to correct the actual yaw rate Yr to the reference yaw 
rate Yrs. Specifically, as a map in FIG. 2 shows, the region 
in which the difference between the reference yaw rate Yrs 
and the actual yaw rate Yr is close to Zero is considered as 
a dead Zone, and the target torque Ttgt is set to Zero in this 
region. In the region in which the absolute value of the 
difference is a predetermined value or greater, the target 
torque Ttgt is set to increase in proportion as the absolute 
value of the difference increases. 
The longitudinal acceleration Gx detected by the longi 

tudinal acceleration sensor 12, the lateral acceleration Gy 
detected by the lateral acceleration sensor 13, the steering 
angle St detected by the steering angle sensor 16, the yaw 
rate Yr detected by the yaw rate sensor 14 and the body 
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speed Vb calculated by the body speed calculating section 
31 are fed to a coefficient-of-friction-on-road estimating 
section 34. The coefficient-of-friction-on-road estimating 
section 34 estimates the coefficient of friction on a road Myu 
based on the information fed. 

The details of how to estimate the coefficient of friction on 
a road Myu will be omitted since it is known, for example 
from Japanese Examined Utility Model Publication No. Hei 
6-18276. To put it briefly, considering that the incidence of 
the vehicle's skidding during turning correlates with the 
coefficient of friction on a road, the estimated value for the 
lateral acceleration is calculated from the vehicle speed in 
turning, the steering angle, etc., according to an arithmetic 
expression. Then, based on the ratio between the estimated 
value for the lateral acceleration thus calculated and the 
actual measurement value for the lateral acceleration, 
namely the value detected by the sensor, the coefficient of 
friction on the road is obtained. For example, when the ratio 
of the estimated value to the actual measurement value for 
the lateral acceleration is approximately equal to 1, it is 
considered that the vehicle will not skid and that the coef 
ficient of friction on the road is high. When the ratio is less 
than 1 and the vehicle is skidding, it is considered that the 
coefficient of friction on the road is one corresponding to this 
ratio. 
The vehicle factors Sv as vehicle constants, the longitu 

dinal acceleration GX detected by the longitudinal accelera 
tion sensor 12 and the lateral acceleration Gy detected by the 
lateral acceleration sensor 13 are fed to an inner-wheel load 
calculating section 35. The inner-wheel load calculating 
section 35 calculates a rear-inner-wheel load Wri based on 
the information fed. The rear-inner-wheel load Wri means a 
load exerted on the rear inner wheel, namely the rear wheel 
located inside in the vehicle's turning, and is calculated in 
the procedure described below. 
As the vehicle turns, the load exerted on the front and rear 

wheels 5a and 5b varies, from that exerted when the vehicle 
is at rest. First, a longitudinal load shifting quantity AWX, 
which means an amount of the load shifting between the 
front wheels 5a and the rear wheels 5b, is obtained accord 
ing to expression (2): 

AWx=WXGxxhg/L (2) 

where W is the vehicle weight, hg the height of gravitational 
center, and L the wheel base, which are fed in advance as 
vehicle factors Sv. 

Further, a lateral load shifting quantity AWyr, which 
means an amount of the load shifting between the left rear 
wheel and the right rear wheel is obtained according to 
expression (3): 

AWyr=WXGyx{hs (1+Kf Kr-Wxhs. Kr)+Lfxhr/L}/Tr (3) 

where Tr is the rear wheel tread, his the height of gravita 
tional center minus the roll height of center of gravity, Kf the 
front-wheel roll stiffness, Kr the rear-wheel roll stiffness, Lif 
the distance between the front wheel axle and the center of 
gravity, and hr the rear-wheel roll center height. These are 
fed in advance as vehicle factors Sv. 

Next, the rear-inner-wheel load Wri is obtained according 
to expression (4): 

Wri=(Wrx9.8+AWx)/2-AWyr (4) 

where Wr is the load on the rear wheels at rest. 
The coefficient of friction on the road Myu estimated by 

the coefficient-of-friction-on-road estimating section 34, the 
rear-inner-wheel load Wri calculated by the inner-wheel load 
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6 
calculating section 35, and the LSD characteristic Lsd fed as 
a vehicle constant are fed to a minimum torque calculating 
section 36. The minimum torque calculating section 36 
calculates a minimum torque Tc (predetermined value, criti 
cal amount for power transmitted) based on the information 
fed. As mentioned above, in the rear differential 9, the 
differential limiting force acts depending on the input torque 
supplied, by means of the torque-sensitive differential lim 
iting mechanism 9c. Depending on this differential limiting 
force, the turning moment acting on the vehicle changes due 
to slip of the rear inner wheel located inside in turning of the 
vehicle. As the minimum torque Tc, a minimum input torque 
required to be supplied to make the rear inner wheel slip is 
calculated. 

FIG. 3 is an illustration showing how driving forces are 
exerted via the left and right rear wheels 5b when the vehicle 
is turning. For example, when the vehicle turns right as 
shown in FIG. 3, the load on the left rear wheel 5b located 
outside in turning increases while the load on the right rear 
wheel 5b located inside in turning decreases. In this situa 
tion, the power supplied to the rear differential 9 via the 
electronic controlled coupling 8 is distributed between the 
left and right rear wheels 5b according to the LSD charac 
teristic LSd. Thus, in normal grip running, torque is trans 
ferred from the wheel located outside in turning and revolv 
ing at higher speed, to the wheel located inside in turning 
and revolving at lower speed, by means of the toque 
sensitive differential limiting mechanism 9c, so that a greater 
driving force is exerted via the right rear wheel 5b. In this 
state, when the input torque supplied to the rear differential 
9 is increased gradually, the differential limiting force of the 
LSD 9 increases, so that the driving force exerted via the 
right rear wheel 5b gradually increases and exceeds the 
gripping force which is determined by the load on the right 
rear wheel 5b and the coefficient of friction on the road Myu. 
As a result, the right rear wheel 5b starts slipping, and the 
gripping force decreases rapidly. As the minimum torque Tc, 
the critical input torque causing this situation is calculated. 

Hence, by Supplying a torque equal to or greater than the 
minimum torque Tc to the rear differential 9, it is possible to 
make the rear inner wheel 5b slip to make the revolving 
speed of the rear inner wheel 5b higher than the revolving 
speed of the rear outer wheel 5b. In this state, when the 
differential motion is limited, torque is transferred from the 
rear inner wheel 5b to the rear outer wheel 5b, so that a 
yawing moment having such direction that promotes the 
turning of the vehicle is produced. Conversely, when a 
torque less than the minimum torque Tc is supplied to the 
rear differential 9 and the differential motion is limited while 
the rear inner wheel is kept gripping the road, a yawing 
moment having such direction that hinders the turning of the 
vehicle is produced. 
The minimum torque Tc calculated by the minimum 

torque calculating section 36, the reference yaw rate Yrs 
calculated by the reference yaw rate calculating section 32, 
the target torque Ttgt calculated by the target torque setting 
section 33, the maximum torque Tmax that can be trans 
mitted to the rear differential 9, which is fed as a vehicle 
constant, and the yaw rate Yr detected by the yaw rate sensor 
14 are fed to an output torque setting section 37. The output 
torque setting section 37 calculates a rear-wheel output 
torque Tout to be supplied to the rear differential 9 via the 
electronic controlled coupling 8, based on the information 
fed. 

Basically, the rear-wheel output torque Tout is set to the 
target torque Ttgt. However, due to the above-described 
principle of producing a yawing moment utilizing the char 
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acteristic of the torque-sensitive LSD 9c, there are cases in 
which a yawing moment having an appropriate direction 
cannot be produced. Hence, as seen in FIG. 4 that shows the 
details of the output torque setting section 37, the rear-wheel 
output torque Tout is set in different ways, in accordance 
with the relation in magnitude between the maximum 
torque. Tmax and the minimum torque Tc and the turning 
state of the vehicle (oversteer or understeer). Here, the 
turning state is not considered on the basis of neutral steer. 
It is considered as a direction in which the actual yaw rate 
Yr deviates from the reference yaw rate Yrs. 
The description below will be made based on FIG. 4. 

When the maximum torque Tmax is equal to or greater than 
the minimum torque Tc (TmaxeTc), it is both possible to 
Supply an input torque equal to or greater than the minimum 
torque Tc to the rear differential 9 to produce a yawing 
moment having Such direction that promotes the turning of 
the vehicle, and to Supply an input torque less than the 
minimum torque Tc to the rear differential 9 to produce a 
yawing moment having such direction that hinders the 
turning of the vehicle. 

Hence, when the maximum torque Tmax is equal to or 
greater than the minimum torque Tc (TmaxaTc), if the 
vehicle is turning in understeer state (Yr-Yrs), the rear 
wheel output torque Tout is set to be between the minimum 
torque Tc and the maximum torque Tmax. For example, 
when the target torque Ttgt is calculated to be less than the 
minimum torque Tc, the rear-wheel output torque Tout is set 
to the minimum torque Tc. When the target torque Ttgt is 
calculated to be between the minimum torque Tc and the 
maximum torque Tmax, the rear-wheel output torque Tout is 
set to the target torque Ttgt. When the target torque Ttgt is 
calculated to be greater than the maximum torque Tmax, the 
rear-wheel output torque Tout is set to the maximum torque 
Tmax. As a result, a yawing moment having Such direction 
that promotes the turning of the vehicle acts on the vehicle, 
so that the understeer is relieved. 
When the maximum torque Tmax is equal to or greater 

than the minimum torque Tc (TmaxeTc), if the vehicle is 
turning in oversteer state (Yr>Yrs), the rear-wheel output 
torque Tout is set to be less than the minimum torque Tc. For 
example, when the target torque Ttgt is calculated to be less 
than the minimum torque Tc, the rear-wheel output torque 
Tout is set to the target torque Ttgt. When the target torque 
Ttgt is calculated to be equal to or greater than the minimum 
torque Tc, the rear-wheel output Tout is set to a value less 
than the minimum torque Tc. As a result, a yawing moment 
having such direction that hinders the turning of the vehicle 
acts on the vehicle, so that the oversteer is relieved. 
When the maximum torque Tmax is less than the mini 

mum torque Tc (Tmax<Tc), it is impossible to Supply an 
input toque equal to or greater than the minimum torque Tc 
to the rear differential 9 to make the rear inner wheel 5b slip 
to produce a yawing moment that promotes the turning of 
the vehicle. Only a yawing moment that hinders the turning 
of the vehicle can be produced, while keeping the rear inner 
wheel 5b gripping the road. 

Hence, when the maximum torque Tmax is less than the 
minimum torque Tc (Tmax<Tc) and the vehicle is turning in 
understeer state (Yr-Yrs), the rear-wheel output torque Tout 
is limited to Zero, considering that the yawing moment 
acting on the vehicle cannot be corrected. 
When the maximum torque Tmax is less than the mini 

mum torque Tc (Tmax<Tc) and the vehicle is turning in 
oversteer state (Yr>Yrs), the rear-wheel output torque Tout 
is set to be less than the maximum torque Tmax. For 
example, when the target torque Ttgt is calculated to be less 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
than the maximum torque Tmax, the rear-wheel output 
torque Tout is set to the target torque Ttgt. When the target 
torque Ttgt is calculated to be equal to or greater than the 
maximum torque Tmax, the rear-wheel output torque Tout is 
set to the maximum torque Tmax. In other words, in this 
situation, the upper limit of the setting range for the ideal 
rear-wheel output torque Tout is the minimum torque Tc. 
However, the rear-wheel output torque Tout that can be 
produced is limited to the maximum torque Tmax at most. 
Hence, the rear-wheel output torque Tout is set to the 
maximum torque Tmax at most. As a result, the oversteer of 
the vehicle is relieved. 
As shown in FIG. 2, the wheel speeds Vfl, Vfr, Vrl, Vrr of 

the individual wheels are fed to a front and rear wheel speed 
calculating section 38. The front and rear wheel speed 
calculating section 38 calculates a front wheel speed Vf and 
a rear wheel speed Vrbased on the information fed, accord 
ing to expressions (5) and (6): 

The rear-wheel output torque Tout calculated by the 
output torque setting section 37, the front wheel speed Vf 
and the rear wheel speed Vr calculated by the front and rear 
wheel speed calculating section 38, the current engine 
torque Te fed from the engine control ECU 19, the brake 
operation information Bk detected by the brake sensor 17, 
the parking brake operation information Pbk detected by the 
parking brake sensor 18, the ABS monitor Abs (ABS system 
operation information) fed from the ABS control ECU 20 
are fed to an output limiting section 39. The output limiting 
section 39 feeds the rear-wheel output torque Tout as it is 
when none of conditions 1) to 5) below are met, and limits 
the rear-wheel output torque Tout to zero and feeds it when 
any of conditions 1) to 5) is met. 
1) The front wheel speed Vf is less than the rear wheel speed 
Vr (Vf-Vr). 

2) The rear-wheel output torque Tout is greater than the 
engine torque Te (Tout>Te). 

3) The brake is being operated (Bk-ON). 
4) The parking brake is being operated (Pbk=ON). 
5) The ABS is operating (Abs=ON). 
When condition 1) is met, power cannot be transmitted 

from the front propeller shaft 71 to the rear propeller shaft 
72, and hence power from the engine 1 cannot be supplied 
to the rear wheels 5b via the electronic controlled coupling 
8. This means that the input torque supplied to the rear 
differential 9 cannot be controlled, which means that the 
yawing moment cannot be corrected utilizing the character 
istic of the torque-sensitive LSD 9. Thus, the control is 
Suspended. 
When condition 2) is met, it is impossible to supply the 

rear-wheel output torque Tout greater than the engine torque 
Te to the rear differential 9. Hence, there is a risk that the 
turning behavior of the vehicle deteriorates because a dif 
ferential limiting force appropriate to the driving state of the 
vehicle cannot be produced. Thus, the control is Suspended. 

Regarding conditions 3), 4) and 5), the brake, the parking 
brake and the ABS all affect the torque supplied to the rear 
differential 9 as disturbance, so that appropriate control 
cannot be expected. Thus, the control is Suspended. 

Based on the rear-wheel output torque Tout calculated as 
described above, the engaging force of the electronic con 
trolled coupling 8 is controlled. Specifically, from a map not 
shown, the duty ratio is set to a value corresponding to the 
rear-wheel output torque Tout, and the electromagnetic 
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clutch 8a is excited based on the duty ratio to thereby control 
the engaging force of the electronic controlled coupling 8. 
As a result, a torque corresponding to the rear-wheel output 
torque Tout is supplied to the rear differential 9. Based on 
this controlled Supply of the torque, the torque-sensitive 
differential limiting mechanism 9c exerts a differential lim 
iting force on the rear differential 9 according to the char 
acteristic shown in FIG. 3. Thus, when the vehicle is turning 
in understeer state, a yawing moment having Such direction 
that promotes the turning of the vehicle is produced to 
relieve the understeer to improve the turning behavior. When 
the vehicle is turning in oversteer state, a yawing moment 
having such direction that hinders the turning of the vehicle 
is produced to relieve the oversteer to improve the stability. 
As understood from the above, the power transmission 

system for four-wheel drive vehicle in this embodiment 
functions like the braking force control device and the 
traction control device, which are provided to control gen 
eral turning characteristics when the vehicle is turning. 
Hence, these devices can be omitted. The structure of this 
power transmission system is basically the same as the usual 
structure for the electronic controlled on-demand four-wheel 
drive vehicle arranged such that part of power from the 
engine 1 driving the front wheels 5a is supplied to the rear 
wheels 5b via the electronic controlled coupling 8. It is 
simple, requiring no addition but the torque sensitive LSD 9 
and the control by the ECU for four-wheel drive 11 shown 
in FIG. 2. Thus, this power transmission system can control 
the turning characteristics of the vehicle appropriately, 
avoiding increase in vehicle weight and significant increase 
in production cost. 

The output torque setting section 37 determines whether 
the vehicle is in understeer state or oversteer state, from the 
actual yaw rate Yr and the reference yaw rate Yrs, and sets 
the rear-wheel output torque Tout based on the result of 
determination. Hence, a yawing moment having a direction 
appropriate to the turning state of the vehicle can be always 
produced, which makes it possible to control the turning 
characteristics of the vehicle more appropriately. 
The output torque setting section 37 sets the rear-wheel 

output torque Tout based on the target torque Ttgt obtained 
from the actual yaw rate Yr and the reference yaw rate Yrs, 
which is an ideal value for the yaw rate according to the 
driving state of the vehicle. Hence, the electronic controlled 
coupling 8 can be controlled in the manner reflecting the 
driving state of the vehicle. This also contributes to appro 
priate control on the turning characteristics of the vehicle. 

In the present embodiment, the yawing moment acting on 
the vehicle is changed to hinder the turning of the vehicle or 
promote the turning of the vehicle by making the rear inner 
wheel of the turning vehicle slip or grip the road, and the 
output torque setting section 37 sets the rear-wheel output 
torque Tout considering the minimum torque Tc required to 
make the rear inner wheel of the turning vehicle slip as a 
critical torque. Thus, a yawing moment that promotes the 
turning of the vehicle and a yawing moment that hinders the 
turning of the vehicle can be produced assuredly, which 
makes it possible to control the turning characteristics of the 
vehicle more appropriately. 

In place of controlling the differential limiting force of the 
rear differential 9 over the slip region and the grip region for 
the rear inner wheel, namely the rear wheel located inside in 
turning, the differential limiting force may be controlled 
within the grip region for the wheel located inside in turning. 
In this case, as has been explained based on FIG. 3, the 
greater the differential limiting force of the rear differential 
9 is, the greater torque is Supplied to the rear inner wheel, so 
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10 
that a yawing moment having Such direction that hinders the 
turning of the vehicle is produced. Hence, in order to 
produce a yawing moment having such direction that pro 
motes the turning of the vehicle, the differential limiting 
force is decreased by decreasing an input torque Supplied to 
the rear differential 9. In order to produce a yawing moment 
having Such direction that hinders the turning of the vehicle, 
the differential limiting force is increased by increasing an 
input torque supplied to the rear differential 9. This way of 
control has the effects similar to those produced by the above 
embodiment. 
The output torque setting section 37 sets the rear-wheel 

output torque Tout, considering the maximum torque Tmax 
that can be transmitted to the rear differential 9, in addition 
to the target torque Ttgt and the minimum torque Tc. This 
prevents the rear-wheel output torque Tout being inappro 
priately set to a value greater than the maximum torque 
Tmax, and thereby prevents inappropriate control on the 
electronic controlled coupling 8. 

In addition, the output limiting section 39 prohibits the 
supply of a torque to the rear differential 9 based on 
conditions 1) to 5) provided in advance. For example, when 
it is impossible to Supply appropriate power to the rear 
wheels 5b because of revolution difference between the front 
wheels 5a and the rear wheels 5b or shortage of the engine 
torque Te, the control is Suspended. Hence, problems that 
may happen when power is transmitted in an inappropriate 
situation like this are prevented. 

Next, a second embodiment of the present invention will 
be described. In the second embodiment, the present inven 
tion is embodied as a power transmission system for a hybrid 
four-wheel drive vehicle in which a motor for driving the 
rear wheels is added to a front-engine/front-drive vehicle. In 
the second embodiment, many elements are the same in 
structure as in the first embodiment. Hence, the description 
below will be focused on differences, while the same ele 
ments will be denoted by the same reference numerals and 
the description thereof will be omitted. 

FIG. 5 is a diagram showing the overall structure of a 
power transmission system for four-wheel drive vehicle 
according to the second embodiment. The front-wheel side 
is quite similar in structure to that for a front-engine/front 
drive vehicle. Power from an engine 1 is transmitted to left 
and right front wheels 5a via an automatic transmission 2, a 
front differential 3 and drive shafts 4. 
A motor 51 (second power source) for driving rear wheels 

5b is provided in a rear part of the vehicle, and a reduction 
gear mechanism 52 is connected with an output shaft 51a of 
the motor 51. An output gear 52a of the reduction gear 
mechanism 52 engages with a ring gear 9a of a rear 
differential 9 including a torque-sensitive differential limit 
ing mechanism 9c, and left and right side gears 9b of the rear 
differential 9 are connected with left and right rear wheels 
5b, each by a drive shaft 10. In the four-wheel drive vehicle 
arranged this way, power Supplied to the front wheels 5a can 
be adjusted within the limits of the engine output, while 
power supplied to the rear wheels 5b can be adjusted within 
the limits of the motor output. 

In the power transmission system for four-wheel drive 
vehicle according to the second embodiment having the 
arrangement described above, an ECU for four-wheel drive 
11 sets a rear-wheel output torque Tout according to the 
procedure shown in FIG. 2 as in the first embodiment, and 
controls the output of the motor 51 based on the rear-wheel 
output torque Tout, in place of controlling the engaging 
force of the electronic controlled coupling 8. It is to be noted 
that in the second embodiment, an input torque Supplied 
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from the motor 51 to the rear differential 9 is controlled 
independently of the engine 1 on the front wheel 5a side. 
Consequently, problems with the supply of power to the rear 
wheels 5b which may happen in the first embodiment under 
the conditions 1) and 2) do not happen. Hence, the output 
limitation based on these conditions is not applied to the 
second embodiment. It is to be noted that as the maximum 
torque Tmax, a maximum output torque that the motor 51 
can Supply is used. 

Although duplicate explanation will be omitted, the turn 
ing characteristics of the vehicle can be controlled appro 
priately by adjusting the differential limiting force of the rear 
differential 9 by adjusting the input torque supplied to the 
rear differential 9, like the first embodiment. The structure is 
simple only with the motor 51 for driving the rear wheels 
and the reduction gear mechanism 52 added to the front 
engine/front-drive vehicle, and the braking force control 
device and the traction control device can be omitted. 
Hence, increase in vehicle weight and significant increase in 
production cost can be avoided. 

Although two embodiments have been described above, 
the present invention is not limited to these embodiments. 
For example, in the first embodiment in which the invention 
is applied to an electronic controlled on-demand four-wheel 
drive vehicle based on a front-engine/front-drive vehicle and 
in the second embodiment in which the invention is applied 
to a hybrid four-wheel drive vehicle with a motor 51 for 
driving the rear wheels added to a front-engine/front-drive 
vehicle, an appropriate yawing moment is made to act on the 
vehicle by adjusting the differential limiting force of the rear 
differential 9. However, it can be arranged such that the 
differential limiting force is adjusted not on the rear wheel 
5b side but on the front wheel 5a side. Specifically, the 
invention can be applied to an electronic controlled on 
demand four-wheel drive vehicle based on a front-engine/ 
rear-drive vehicle or a hybrid four-wheel drive vehicle with 
a motor for driving the front wheels added to a front-engine/ 
rear-drive vehicle, to adjust the differential limiting force of 
the front differential by controlling an input torque Supplied 
to the front differential. 

Further, these embodiments are arranged to set the target 
torque Ttgt to be supplied to the rear differential 9 (or the 
front differential), based on the reference yaw rate Yrs and 
the actual yaw rate Yr. However, the present invention is not 
limited to this. It can be arranged to set the target torque Ttgt 
according to running states such as the body speed Vb 
calculated by the body speed calculating section 31, the 
lateral acceleration Gy detected by the lateral acceleration 
sensor 13, and a calculated lateral acceleration obtained 
from the steering angle St detected by the steering angle 
sensor 16 and the body speed Vb, or driving states such as 
the body speed Vb, the steering angle St and the throttle 
position (accelerator position). 
The invention being thus described, it will be obvious that 

the same may be varied in many ways. Such variations are 
not to be regarded as a departure from the spirit and scope 
of the invention, and all such modifications as would be 
obvious to one skilled in the art are intended to be included 
within the scope of the following claims. 
What is claimed is: 
1. A power transmission system for a four-wheel drive 

vehicle, comprising: 
a power transmission mechanism, provided in a vehicle 

arranged Such that power is always transmitted to one 
of two pairs of wheels consisting of a pair of front 
wheels and a pair of rear wheels, which transmits 
power to the other pair of wheels; 
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12 
a power transmission control means for controlling the 
power transmission mechanism to adjust the power 
transmitted to said other pair of wheels; and 

a differential gear unit arranged between left and right 
wheels in said other pair, to distribute the power 
transmitted from the power transmission mechanism to 
said other pair, between the left and right wheels in said 
other pair, wherein: 

said differential gear unit is a mechanical-type torque 
sensitive limited-slip differential gear unit with a dif 
ferential limiting function for producing a differential 
limiting force between the left and right wheels in said 
other pair depending solely on power transmitted to an 
input element of the differential gear unit, and 

said power transmission control means controls the power 
transmitted from the power transmission mechanism to 
the differential gear unit according to a driving state of 
the vehicle. 

2. The power transmission system for a four-wheel drive 
vehicle according to claim 1, wherein: 

said power transmission control means includes a turning 
state detecting means for detecting a turning state of the 
vehicle and controls the power transmission mecha 
nism according to the turning State detected by the 
turning state detecting means. 

3. The power transmission system for a four-wheel drive 
vehicle according to claim 2, wherein: 

said power transmission control means sets the power 
transmitted to the differential gear unit to be a prede 
termined value or greater to produce a yawing moment 
having Such direction that promotes turning of the 
vehicle, and sets the power transmitted to the differen 
tial gear unit to be less than the predetermined value to 
produce a yawing moment having Such direction that 
hinders turning of the vehicle. 

4. The power transmission system for a four-wheel drive 
vehicle according to claim 3, wherein: 

said predetermined value is a critical power transmission 
amount which is an amount of power required to be 
transmitted to the differential gear in order to produce 
a yawing moment that promotes turning of the vehicle, 
by the differential limiting force, when the vehicle is 
turning. 

5. The power transmission system for a four-wheel drive 
vehicle according to claim 4, wherein: 

said power transmission control means sets a target power 
transmission amount based on at least either a driving 
state or a running state of the vehicle, and controls the 
power transmission mechanism according to the turn 
ing state of the vehicle, the target power transmission 
amount, and the critical power transmission amount. 

6. The power transmission system for a four-wheel drive 
vehicle according to claim 5, wherein: 

said power transmission control means controls the power 
transmission mechanism according to the turning state 
of the vehicle, the target power transmission amount, 
the critical power transmission amount, and a maxi 
mum power transmission amount that the power trans 
mission mechanism can transmit. 

7. The power transmission system for a four-wheel drive 
vehicle according to claim 2, wherein: 

said power transmission control means controls the power 
transmission mechanism according to a target power 
transmission amount which is set based on at least 
either a driving state or a running state of the vehicle. 

8. The power transmission system for a four-wheel drive 
vehicle according to claim 7, wherein: 
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said power transmission control means sets the target 
power transmission amount based on an actual yaw rate 
of the vehicle and a target yaw rate which is set based 
on a driving state of the vehicle. 

9. The power transmission system for a four-wheel drive 5 
vehicle according to claim 2, wherein: 

said power transmission control means decreases the 
power transmitted to the differential gear unit to pro 
duce a yawing moment having Such direction that 
promotes turning of the vehicle, and increases the 10 
power transmitted to the differential gear unit to pro 
duce a yawing moment having Such direction that 
hinders turning of the vehicle. 

10. The power transmission system for a four-wheel drive 
vehicle according to claim 2, wherein: 15 

said power transmission control means increases the 
power transmitted to the differential gear unit to pro 
duce a yawing moment having Such direction that 
promotes turning of the vehicle, and decreases the 
power transmitted to the differential gear unit to pro- 20 
duce a yawing moment having Such direction that 
hinders turning of the vehicle. 

11. The power transmission system for a four-wheel drive 
vehicle according to claim 1, wherein: 

said power transmission mechanism transmits part of 25 
power from a power source of power Supplied to said 
one of the two pairs of wheels, to the differential gear 
unit. 

14 
12. The power transmission system for a four-wheel drive 

vehicle according to claim 11, wherein: 
said power transmission control means prohibits trans 

mission of power to the differential gear unit when a 
revolving speed of said one of the two pairs of wheels 
is lower than a revolving speed of said other pair, or 
when output power Supplied from the power source is 
less than an amount of power set to be transmitted to 
the differential gear unit. 

13. The power transmission system for a four-wheel drive 
vehicle according to claim 11, wherein: 

said power transmission mechanism transmits, to the 
differential gear unit, power from a second power 
Source separate from a power Source that Supplies 
power to said one of the two pairs of wheels. 

14. The power transmission system for a four-wheel drive 
vehicle according to claim 1, wherein: 

said mechanical-type torque-sensitive limited-slip differ 
ential gear unit is one of a helical gear type structure 
and a cam type structure. 

15. The power transmission system for a four-wheel drive 
vehicle according to claim 1, wherein: 

the input element is a ring gear of the differential gear 
unit. 


